Abstract-Current-voltage characteristics of array electrodes in laboratory plasma have been studied in association with the interaction of high-voltage solar array with the ambient space plasma. An electrode or an array of electrodes distributed on a dielectric material were used to simulate the interconnectors of the solar-array panel in space environment. It has been found that the charging effect and secondary electrons of the dielectric material play an important role in the collection of the electrode current. In the array configuration, the current of each electrode was generally suppressed, as compared with that of single electrode, but a rapid enhancement of the electrode current was observed when the spacing of the electrodes was less than a critical value. These results indicate a possibility that the high-voltage plasma interaction can be suppressed if we select proper dielectric material for the panel and proper distribution of the solar-array voltage.
I. INTRODUCTION
A S POWER consumption of spacecraft increases, power generation at higher voltage and lower current is required to reduce power loss in the cables and power systems. For kilowatt-class spacecraft, the array voltage near 50 V is widely used. For the International Space Station requiring 100-kW level electric power, power generation at 160 V is used. Much higher voltage is considered for large-power commercial satellites in the future [1] . One of the typical examples of the gigantic space power system is the solar power satellite (SPS), in which gigawatt-class power is generated by large solar arrays and is transmitted to the ground by microwave-power beaming. The SPS is expected to utilize a high voltage, which is typically 1000 V in the power generation and transmission system [2] . Since the interconnectors of the solar cells are usually exposed to the space environment, the high-voltage solar-array panel interacts strongly with the ambient plasma [3] . The interaction sometimes causes current leak and electric discharge at the cells, resulting in the damage of the solar cells and the associated circuits in the worst case. It is generally recognized that the solar-array voltage more than 200 V in the low earth orbit has a potential risk for the electric discharge [4] .
One of the approaches to prevent the strong plasma interaction is to shield the interconnectors from the ambient plasma, Manuscript but it is very difficult to maintain the insulation for a long time in space environment, considering the thermal cycle and possible impact of the meteoroids and debris in orbit. The general approach widely accepted is to design the solar cell structure so as to prevent the arc discharge in the space environment. The spacecraft potential with respect to the ambient plasma is determined by the balance of the electron current flowing into the solar array and the ion current to the spacecraft structure. When the electron collection area of the solar-array panel is not so small as compared with the conductive surface area of the spacecraft structure, the spacecraft is negatively charged up to the solar-array voltage because the mobility of the electrons are much larger than that of the ions. In that case, the socalled "triple junction" is formed by the interconnector, the cover glass, and the ambient plasma, which induces arcing at the junction when the dielectric material is highly charged [5] .
Based on this discharge model, design guidelines for the solar cell have been proposed, and some mitigation techniques have been tested to suppress the discharge at the cells. In this paper, we propose another approach to suppress the strong plasma interaction by selecting the distribution of the array voltage. The voltage of the interconnectors ranges from zero to the solar-array voltage with respect to the body of the satellite. According to the theory of the plasma probe [6] , [7] and the previous research [8] , the plasma current to the interconnectors strongly depends on the sheath structure surrounding the solar-array panel. On the other hand, the sheath structure depends on the distribution of the solar-array voltage. It will be possible to design the distribution of the solar-array voltage so as to suppress the plasma interaction. As the first step of this approach, we have studied the current collection by the array of positively biased electrodes on a dielectric panel. The current collection usually represents the degree of the plasma interaction. A rapid enhancement of electron current is a precursor of discharge. The configuration of the positively biased electrodes is applied to the spacecraft, in which the electron collection area of the solar-array panel is much smaller than the conductive area of the spacecraft structure, such as the case of the International Space Station [9] . One of the prominent features of the positively biased electrode in plasma is the snap-over effect [10] , in which the electrons accelerated by the electrode hit the surroundings to generate secondary electrons [11] , [12] . The electrode current is influenced by the effects of the dielectric charging and the snap-over. The charging effect of the dielectric material suppresses the electrode current, while the snap-over effect enhances the electron current to the electrode. In the array configuration, the effects of interference between the array electrodes, interaction of electron sheath, and focusing of electron current are additional factors to control the electrode current. The interference of electron sheath of each electrode reduces the electrode current, while the focusing of electron current to the surrounding dielectric material increases outgassing from the surface, resulting in the rapid increase of electrode current by ionization. The objectives of this paper are to clarify each process dominating the amount of electrode current and to get implications to minimize the plasma interaction of the high-voltage solar array.
In Section II, we describe the experimental apparatus for this research. The experimental results of current collection of single electrode and electrode array on a dielectric panel in various configurations are shown in Section III. The interpretation of the experimental results and possible application to the design of high-voltage solar array are given in Section IV.
II. EXPERIMENTAL SETUP
The experimental setup employed in this experiment is shown in Fig. 1 . A discharge plasma source of magnetic-fielddiffusion type [13] is installed in a space chamber 1 m in diameter and 1.8-m long. Argon gas was used as the working gas for the plasma source. The base pressure was 10 −4 Pa, but the pressure was 4 × 10 −2 Pa during the experiment when the Argon gas was fed. An electrode panel to simulate the high-voltage solar array and a Langmuir probe to monitor the plasma parameters were configured at the opposite side of the plasma source. The plasma density and temperature in the experimental region were typically 10 5 /cm 3 and 2 eV, respectively. Two types of electrode panel were used in this experiment. One was a panel consisting of two electrodes with and without the dielectric material (Kapton and Mylar), as shown in Fig. 2 . In the panel, one electrode was supported by an insulated conductive wire 1 mm in diameter, which extends from the hollow frame. Another electrode was similarly supported from the frame, but had the dielectric film in the surroundings. A Ti film insulated from the ground and the electrode was also used as a reference material with a low yield rate of secondary electron. The diameter of the two electrodes was 6 mm. Another was a panel with 3 × 3 electrode array on the Kapton film, as shown in Fig. 3 . The diameter of the electrode was 1 mm, and the center-center distance between the two adjacent electrodes was either 0.5, 1, 1.5, 3, or 10 cm. A bias voltage up to 400 V was applied to the electrodes. In the array panel, the bias voltage was applied in two modes: to apply a bias voltage individually while the other electrodes were floating from the ground or to apply the same bias voltage to all electrodes at the same time. The electrode current was detected by a 100-kΩ resistor. The current-voltage (I-V ) characteristics of each electrode were measured for various experimental conditions.
III. EXPERIMENTAL RESULTS

A. Effect of Dielectric Material
The panel shown in Fig. 2 was used to study the effect of the background material on the electrode current. Fig. 4 shows the change of the electron current when the bias voltage was applied to the electrode from 0 to 130 V. There is a clear dependence of the I-V characteristics on the background material. The current to the electrode on the dielectric material (Kapton and Mylar) was suppressed below 100 V as compared with that without the background material. However, the electrode current rapidly increased when the applied voltage exceeded 100 V. On the other hand, there was no such effect on the I-V characteristics for the electrode on the Ti film, in which the electrode current was kept in a low level.
Above 130 V, the electron current to the electrode (6 mm in diameter) was too large to keep the background plasma density at 10 5 /cm 3 . The I-V characteristics in the higher voltage region were studied by using a smaller electrode (1 mm in diameter). The results are shown in Fig. 5 , in which the bias voltage was applied to the electrode up to 400 V. The difference between the electrode current with and without the dielectric material (Kapton and Mylar) was more prominent in the higher voltage region.
B. Interference of Electrodes in Array Configuration
In order to study the high-voltage plasma interaction for the multielectrode array, we measured the I-V characteristics of the electrode array, as shown in Fig. 3 . The bias voltage was applied in two modes: to each electrode individually or to all electrodes at the same time. Fig. 6 shows the I-V characteristics of the array electrodes separated at 3 cm from each other. The bias voltage from 0 to 300 V was applied to the electrodes. The electrode current for the bias voltage applied to all electrodes at the same time was lower than that for the bias voltage individually applied to each electrode. In the figure, the average and dispersion of the measured current of the nine electrodes are displayed. The I-V characteristics, more different from those in Fig. 6 , were obtained when the separation of the electrodes was shorter than 3 cm. Fig. 7(a) shows the I-V characteristics of the electrodes with the separation at 0.5 cm. The electrode current for the bias voltage applied to all electrodes at the same time was suppressed in the lower voltage region, but it rapidly increased above 200 V. Fig. 7(b) shows the ion current of the Langmuir probe near the electrode panel. The vertical axis shows the ion current normalized by that without the applied voltage to the panel electrodes. A rapid increase of the ion current was detected when the electrode current was rapidly increased around 200 V. This indicates that ionization occurred near the panel when the electrode current rapidly increased. We conducted the same experiment with different separation for the electrodes. The results are shown in Fig. 8 . Fig. 10 . I-V characteristics measured for the electrode with and without the Kapton film, together with two plasma collection models. Fig. 11 . Secondary electron emission yield for Kapton and Mylar [17] , and Ti film [18] .
The bias voltage was applied up to 350 V to all electrodes at the same time. The rapid enhancement in the electrode current was not observed for the separation at 3 and 10 cm, but was observed at 0.5, 1, and 1.5 cm. It was found that the start voltage of the rapid enhancement in the electrode current increased with the separation length.
The spatial distribution of the space potential was measured to study the plasma phenomena associated with the rapid increase of electrode current in Fig. 8 . The measurements of the space potential and the electron current to the electrodes (5 mm in diameter), with the separation at 5 cm, were conducted in another space chamber, which is equipped with a movable platform in three dimensions for an emissive probe. The space potential was measured from 2 to 10 cm in front of the electrode array, which was biased from 0 to 400 V, with the plasma density at 10 5 /cm 3 . The I-V characteristics of the array electrodes and the potential distribution at 2 cm from the panel are shown in Fig. 9 . Fig. 9(b) provides information on the shape and size of the plasma sheath in front of the panel. It shows that the size of the electron sheath was expanded corresponding to the rapid enhancement of the electrode current near 350 V. The sheath structure for the electrode array is shown and discussed more in detail in another paper [14] .
IV. DISCUSSION
A. Effect of Dielectric Material on the Current Collection
The I-V characteristics of the electrode with and without the Kapton film behind are shown in Fig. 10 together with two current collection models for positively biased electrode. One is the Beard and Johnson's model, in which the current is limited by space charge in a thin sheath approximation [15] . The model for a sphere is expressed as
where a is the probe radius and I 0 is the space-charge limited current (= 4πa 2 jo, where jo is the current density). Another is the orbit-limited current model in a thick sheath approximation [16] . The model is simply expressed as
where k is the Boltzmann constant and T e is the electron temperature. Both models neglect the effects of magnetic field and collisions. Fig. 10 shows that the I-V characteristics of the electrode without the Kapton film are close to the orbit-limited model rather than the Beard and Johnson's model. The I-V characteristic for the electrode on the Kapton film is much smaller than that without the film in the low-voltage region below 100 V. This is explained by the charging effect of the Kapton film, which prevents the current collection by the electrode. On the other hand, the electrode current increases very rapidly beyond 100 V. The rapid increase can be explained by the secondary electron emission from the Kapton film when the yield rate is more than one, as the energy of the plasma electrons accelerated by the electrode voltage exceeds a threshold value. This effect has been called as "snap-over." Fig. 11 shows the yield rate of secondary electron [17] , [18] for the materials we used in our experiments. The yield rate for Mylar is the largest. The yield rate for Mylar and Kapton exceeds one at around 30 V, while that for Ti is less than one in the voltage range of our experiment. Fig. 4 clearly indicates that the electrode current in the high-voltage region depends on the yield rate. Fig. 12 shows plausible physical processes involved in the current collection by the electrode on the dielectric material. The I-V characteristics have two phases. First is "the phase of the current suppression," which is possibly caused by charging of the dielectric material surrounding the electrode by the incident electrons ( 1 ). Second is "the phase of the current enhancement, which is caused by the snap-over effect ( 2 ). This model gives an implication for design of the high-voltage solar array that a dielectric material with a low yield rate of secondary electrons should to be selected to suppress the highvoltage plasma interaction.
B. Interference Between the Array Electrodes
The current of the array electrode is plotted against the applied voltage in Fig. 13 , in which the current is normalized by the current when the bias voltage is applied to single electrode. The ratio of the current decreases as the applied voltage increases. The starting voltage for the current decrease is larger as the spacing of the array electrode gets larger. This indicates that there is an interference between the electrodes for the current collection. The presumable physical processes involved in the current collection by the array electrodes are illustrated in Fig. 14 . The I-V characteristics for the array electrode have three phases. First is "the phase of current suppression," which is caused by the interference of the sheath surrounding each electrode ( 1 ). Second is "the phase of current enhancement," which is caused by the snap-over effect, as is described in the previous section ( 2 ). When the spacing of the electrodes is less than or equal to 1.5 cm, the third phase is observed, in which a rapid increase of electrode current appears. The third phase is accompanied by the ionization near the electrode ( 3 ). The ionization was confirmed by the increase of the ion current near the electrode [ Fig. 7(b) ]. The expansion of the electron sheath at the rapid current enhancement was also observed [ Fig. 9(b) ], which means that the ionization occurred inside the electron sheath. Since the ion velocity is usually much lower than the electron velocity, electrons escape the sheath region much faster than the ions, resulting in the expansion of the electron sheath. The cause of the ionization is possibly explained by the out-gassing effect from the dielectric material when the electrons from the plasma are focused near the electrode with short spacing, although there is no direct evidence for the outgassing in our experiment. The model in Fig. 14 will give a practical design guideline for the high-voltage solar array on the spacing of the interconnectors and the distribution of the cell voltage, although it is necessary to be verified by rigorous theoretical arguments.
V. CONCLUSION
The I-V characteristics of the electrode array on a dielectric material have been studied in various experimental configurations. It has been found that there are two mechanisms that rapidly enhance the current to the positively biased electrode: snap-over and focusing. The snap-over was observed when the secondary yield rate of the dielectric material exceeded unity. The snap-over voltage clearly depended on the secondary yield rate. The focusing effect caused the ionization near the electrode, resulting in the rapid increase of the electrode current. The experimental results give suggested guideline for the design of the high-voltage solar array. In order to prevent the snap-over, we need to select a dielectric material with a low yield rate less than unity in the voltage range of solar array. To avoid the focusing effect, it is necessary to keep the distance between the electrodes of the array more than the critical value. The threshold distance for the focusing effect was between 1.5 and 3 cm in our experimental conditions. Further research is required to get a more general picture on the focusing effect by changing the array configuration and potential distribution on the panel in wider ranges. The physical models proposed to explain experimental results require rigorous theoretical analysis and computer simulation that will be conducted in our next step study.
